In the present study, the suitability of zircon powder as a new distributive phase for electrodeposited Ni composite coating is explored. Ni-zircon composite coatings are electrodeposited from a nickel sulfamate bath. Ball-milled zircon mineral powder with an average particle size of 0.13 µm has been used as the new distributive phase. 
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Introduction
Electrodeposition is a fascinating and handy technique that is widely used to perceive the properties of composite coatings in which second phase particles are dispersed in metal matrix [1] . Compared to the plain metallic coatings, composite coatings exhibit improved physical and electrochemical properties. Among the electrodeposited composite coatings, Ni coatings containing inert particles are widely reported. In nickel composite coatings, during co-electrodeposition, solid insoluble materials are suspended in a conventional plating electrolyte and captured in the growing metal film. For nickel matrix electrodeposits in particular, a variety of particles such as hard oxides (Al 2 O 3 , TiO 2 , SiO 2 ), carbides (SiC, WC), diamond, solid lubricants (PTFE, graphene, MoS 2 ), carbon nanotubes, diamond, pumice etc have been used [2] [3] [4] [5] [6] [7] [8] [9] [10] . The properties of metal matrix composites depend on the type and amount of particles incorporated within the matrix. The deposited particle concentration in the nickel matrix mainly depends on parameters like bath composition, deposition variables and particle properties. The particle properties include the material, size, shape and particle size distribution. Electrodeposited Ni-SiC is the most widely studied and commercially used coating [11] . However, the interfacial reaction between nickel and SiC has limited the application of nickel composite coatings containing SiC particles in high temperature environment, such as diesel engine cylinder (above 500°C) and automobile engine exhaust pipe (about 600 °C) [12] . Therefore oxide particles are being investigated as distributive phase in Ni composite coatings more critically to overcome this problem. So researchers are exploring new distributive phases for incorporation in Ni-matrix. Among the naturally available minerals zircon seems to be an interesting material. Zircon is produced as one of the several products from heavy-mineral sand deposits associated with ancient shorelines. Zircon has been recognized as a potential structural material because of its good combination of physical and mechanical properties, such as excellent chemical stability, thermal shock resistance, strength retention to high temperatures and low thermal expansion as well as low heat conductivity [13] . The chemical name of zircon is zirconium silicate (ZrSiO 4 ). It is chemically inert and stable up to very high temperatures. The crystal structure of zircon is tetragonal and its natural color of zircon varies between colorless to red brown to yellowgolden and green [14] .
In the conventional methods of electrodeposition, one problem is that when the particle size is small, particularly in nano and submicron, particle agglomeration occurs easily due to high surface activity of the nanoparticles. There are reports on the addition of metal cationic accelerants and organic surfactants in the electrolytic bath to prevent agglomeration and improve the amount and distribution of co-deposited particles [15] . Coumarin is used as an additive in nickel electroplating baths, especially semi-bright nickel processes, to produce ductile, lustrous deposits with excellent levelling [16] . The surfactant CTAB (cetyltrimethyl ammonium bromide), a cationic surfactant is considered as having good potential in the application of nano-technology because it strongly adsorbs on nano particles [17] . Besides, CTAB is also used as a corrosion inhibitor. There are studies on the effect of CTAB surfactant and stirring speed on the particle size distribution, microhardness and wear resistant properties of electrodeposited Ni-SiC metal matrix composite coating on steel surfaces [18] [19] [20] . From the literature survey it is evident that there are no studies on Nizircon composite coatings and the effect of additives on the properties of Ni composite coating.
The main objectives of the present work are: (i) To codeposit zircon powder with Ni matrix to prepare Ni-zircon electrocomposite coating, (ii) To study the effect of additives like coumarin and CTAB on the properties of electrodeposited Ni-zircon coating.
Experimental

Powder processing and its characterization
Yellow colored zircon powder (CUMIcoat ZR101) was received from M/s. Carborundum Universal Ltd. Since the particles were coarser with an average agglomerated particle size of 11.65 µm, the powder was subjected to ball milling using Fritsch Pulverisette unit at 250 rpm for 4 h using zirconia balls as the grinding media and ethanol as the solvent. The milled fine powder was dried in an oven at 100 °C and then used for electrodeposition. The crystalline phases present in the ball milled zircon powder was confirmed by powder X-ray diffractometry. The particle size distribution of the ball milled zircon powder was determined using particle size analyser based on laser diffraction (Malvern, Mastersizer 2000). The morphology of the ball-milled zirconia powder was studied by using a field emission scanning electron microscope (Carl Zeiss Supra 40).
Electrodeposition of Ni-zircon composite coatings
About 200 mL of the nickel-sulfamate solution was taken in a beaker and sodium lauryl sulfate (0.2 g/L) was added to it and the pH of the bath was maintained at 4.0. More details regarding the nickel sulfamate bath preparation and composition is provided in To study the effect of additives like coumarin and CTAB, 0.18 g/L of the additives were added to the above said nickel sulfamate bath containing 50 g/L of zircon. The concentration of additives was fixed based on the literature report [21] . The optimized plating conditions of 50 g/L and 0.77 Adm -2 were used for the electrodepositions in presence of additives. Sodium lauryl sulphate (2 g/L) was also added to the nickel sulfamate bath containing powder and stirred well to avoid the pits formation. The obtained Ni-zircon, Ni-zircon-coumarin and Nizircon-CTAB coatings are hereinafter designated as Ni-Zr, Ni-Zr-CM and Ni-Zr-CT respectively.
Characterization of electrodeposited Ni-zircon composite coating
The powder XRD patterns of plain Ni and Ni-zircon composite coatings electrodeposited at 0.77 A dm -2 were also recorded and the relative texture coefficients RTC (hkl) were also calculated. The texture and preferred orientation of the nickel films was estimated using the relative texture coefficient RTC hkl using equation 1 [22] : % 100 . / recorded using a vertical metallurgical microscope (Leica DM-1RM). For cross-sectional microscopic analysis, metallographic specimens were prepared by sandwiching the electrodeposited coating with a copper backup in a Bakelite matrix. This was followed by mechanical grinding using emery sheets of different grades (100, 180, 240, 400, 600, 800, 1000 and1200 µm) and polishing with Al 2 O 3 slurry, down to 0.05 µm.
Using CHI 604 2D electrochemical workstation the corrosion behavior of Ni and NiZr coatings on mild steel coupons with an active area of 1cm 2 were studied using a flat cell.
The corrosion test was carried out with non-deaerated 3.5 wt% (0.6 M) NaCl solution (200 ±2 mL) using conventional three electrode cell. The electrodeposited coatings acted as working electrode. A platinum foil was used as the counter electrode and the saturated calomel electrode (SCE) was used as the reference electrode. In order to minimize the IR drop, the reference electrode was connected to a Luggin capillary and its tip was placed very close to the surface of the working electrode. The coated coupon was immersed in NaCl solution for 50 min to establish the open circuit potential (E OCP ). The EIS was studied in the frequency ranging from 100 kHz -10 mHz. The amplitude of applying the alternating potential was on the E OCP with 10 mV. The impedance data were displayed in the form of Nyquist plot of real (Z′) vs. imaginary impedance (Z″). After the EIS measurements, the system was allowed to attain the open circuit potential and then the upper and lower potential limits of linear sweep voltammetry were set at ±200 mV with respect to the E OCP and the sweep rate was 1 mV/s. The acquired data were curve fitted and analyzed using ZSimpwin program. The Tafel plots are representation of potential vs. log i plot.
Results and Discussion
The ball-milled zircon powder showed an average agglomerated particle size of 0.13 µm. The mechanism of codeposition of zircon particles in the nickel matrix may be speculated as follows: Nickel ionic clouds are formed around the zircon particles in the bulk electrolyte, followed by the convective movement of the particle along with the ionic cloud towards the cathode; the ionic cloud diffuses through a concentration boundary layer and electrical double layer (typical dimensions of nm) followed by adsorption on the cathode and entrapment of particles along with the reduced nickel ions [23] . with various concentrations of particles is shown in Fig. 3 . From the histogram it is observed that irrespective of the bath loading, the lowest current density (0.77 A/dm 2 ) increased with increasing particle loading in the bath and it did not change much with higher particle loading as it reaches a saturation point. The reasons for increased microhardness of nickel composite coatings with the incorporation of particles may be attributed to the fact that the particles act as small barriers, which inhibit easy dislocation movements and increase the coating hardness (according to Orowan mechanism) [24] . Fig.4 shows the Knoop microhardness values of Nizircon coatings electrodeposited at 0.77 A/dm 2 from 50 g/L bath with and without additives.
It was found that maximum microhardness of 648 KHN was observed for Ni-zircon composite coating containing coumarin despite lower % of particle incorporation. In fact, the hardness of composite coatings is influenced by two aspects: one is the amount of incorporated hard particles, which increase the hardness of composite coatings; the other is the hardness of metal matrix, which is determined by the electroplating parameters. Coumarin being a levelling agent (brightener) is effective in increasing the hardness of electrodeposited nickel due to the incorporation of melilotic acid formed by the cathodic reduction of coumarin and in turn lowering its ductility and raising its hardness, but tend to raise internal stress [25] . The cross-sectional optical micrographs of Ni-Zircon composite coatings obtained at 0.77 A/dm 2 with 50g/L particle loadings in the bath are shown in Figure 5 . From the optical images of Ni-Zr-CT composite coating it is evident that in presence of CTAB, more zircon particles are incorporated in the nickel matrix and also the particles are free from agglomeration. This may be attributed to the modification of the surface charge of the zircon particles by the absorbed CTAB which is a key factor for preventing of the agglomeration [26] . All the electrodeposited Ni-Zr coatings possessed good adhesion to the substrate as evident from the cross-sectional optical microscope images. The area fraction of particles incorporated in Ni-zircon coating was highest with CTAB (17%) followed by coating without any surfactant (10%) and was least for the coating with coumarin (8%). This has been reflected in the higher current efficiency of this coating (182%) and higher coating thickness compared to other coatings. The enhancement in area fraction of particles is considered to be associated with the modification of the surface charge of the particles by the absorbed molecules or ions, thereby promoting electrophoretic migration of the suspended particles. It can be concluded that adsorption of a cationic surfactant like CTAB develops a positive charge on the particle surface which prevents the particle from being agglomerated, and hence, increases the stability of the particle suspension in the bath. On the other hand, the developed positive surface charge increases the affinity of these particles towards cathode and increases the particle co-deposition into a metal matrix. [15] . This may be due to the incorporation of melilotic acid formed by the cathodic reduction of coumarin. From higher magnification FESEM images of the coatings surface, it is observed that Ni-Zr-CT composite coating consists of spherical globules. The composition of the Nizircon composite coating was verified by EDS spectrum which exhibited peaks corresponding to O, Si, Ni, and Zr (Table-2 ). Higher wt% of Zr and Si was observed with
Ni-Zr-CT coating.
The plots of open circuit potential vs. time for Ni, Ni-Zr, Ni-Zr-CM and Ni-Zr-CT coatings are shown in Fig.8 . From the plot it is evident that the potential is stabilized in all the coatings within 50 min. The potentiodynamic polarization curves for Ni, Ni-Zr composite coatings with and without surfactants are shown in figure 9 . The corrosion potential, corrosion current and the polarization resistances are represented in Table-3 . On comparing the corrosion potentials of Ni-Zr, Ni-Zr-CT composite coatings with Ni, it is evident that there is a greater shift of potential towards more positive side for these coatings which clearly depicts the improved corrosion resistance of the coatings; while that of Ni-Zr-CM shifted towards negative side indicating relatively lower corrosion resistance. In addition to this, the kinetics of corrosion reaction can be evaluated by corrosion current density as the corrosion protection and current density are inversely proportional. The corrosion current density for Ni-Zr-CT coatings was very low with very high R p value indicating improved corrosion resistance compared to other coatings (Table-3 ).
The Nyquist plots of Ni and Ni-Zr composite coatings are shown in Figure 10 . In the Nyquist plot, each point is recorded at particular frequency such that the low frequency data are on the right side of the plot and the high frequency data are on the left. So the interception with the real axis at high frequencies is attributed to the electrolyte bulk resistance (R s ) and the low frequencies to the charge transfer resistance (R ct ).The shape of the impedance spectra describes the type of the chemical reaction taking place on the surface of the electrodes. From the Nyquist plot it is obvious that the impedance offered by Ni-Zr-CT is higher than Ni-Zr, Ni-Zr-CM and plain Ni coatings. In the Nyquist plot, the diameter of the semicircle corresponding to Ni-Zr-CT coating is highest compared to other coatings, indicating better corrosion resistance of the coating. The electrochemical impedance data reveals that Ni-Zr-CT coating has highest R ct value which accounts for higher corrosion resistance. The impedance plot of Ni, Ni-Zr, Ni-Zr-CT shows single time constant and Ni-Zr-CM shows two time constant behaviour (Fig.10 inset) . The higher-frequency component is related to the electrolyte/coating interface and the lower frequency component to the substrate/electrolyte interface.
Bode Plots of Ni and Ni-Zircon composite coatings are shown in Figure 11 . For all the coatings, the phase angle was less than 90 o .
The fitted values of electrochemical impedance data is displayed in Table 4 . The fitted curves are also shown in the respective impedance plots. In all cases, good conformity between theoretical and experimental data was ensured for the whole frequency range and quality of the fit was checked by the χ 2 value. The non-ideal capacitive response of the coatings was entailed by using a constant phase element (CPE) instead of a pure capacitance in the fitting procedure. This CPE can be due to 
Conclusions
The main objective of this study was to investigate the suitability of zircon powder as a new distributive phase for electrodeposited Ni composite coating. The study was also aimed at investigating the effect of additives like coumarin and CTAB on the properties of electrodeposited Ni-zircon composite coating. The highlights of the study are as follows:
• Zircon is a naturally available mineral which is cheaper compared to the oxides and SiC powders that are employed in the composites development.
• Coarse zircon mineral powder was ball-milled to get fine powder with an average agglomerated particle size of 0.13 µm. The ball milled powder was successfully incorporated into the Ni matrix by electrodeposition using a nickel sulfamate bath • The effect of particle loading and current density was studied on the microhardness of the Ni-zircon coating and the optimized condition was found to be 0.77 Adm -2 with a particle loading of 50 g/L
• Ni-Zr coating showed higher microhardness compared to plain Ni coating
• Ni-zircon composite coatings with additives like coumarin and CTAB were electrodeposited at the optimized parameters of 0.77 Adm -2 with a particle loading of 50 g/L
• The Ni-zircon coating containing coumarin exhibited highest microhardness but the coating showed cracks due to internal stress
• Large fraction of zircon particles were incorporated in the electrodeposited Ni-Zr-matrix in the presence of CTAB. CTAB also inhibited the agglomeration of particles.
• The extent of nodularity of electrodeposited Ni-Zr composite coatings decreased in the presence of coumarin and CTAB
• Ni-Zr-CT coating exhibited improved corrosion resistance compared to other coatings.
The present study proves beyond doubt that zircon is a promising new distributive phase for electrodeposited Ni composite coatings and CTAB is a better additive compared to coumarin. Ni-Zr-CT 0.14 -0.231 236.51
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